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that the present Cu 0 cluster is the better model, however.

Experimentally, a three peak structure is observed in both the Ols and Cls
hole sepctra. The "first" peak, at lowest binding energy, is followed by a
second peak at 2-3 eV higher binding energy and the third peak is at 7-8 eV
higher binding energy with respect to the first peak.

The theoretical model derived here suggests that tfhe unoccupied 2w level of
isolated CO is split into two levels 2i_ and 2*f on interaction with the Cu meta
In the neutral ground state neither of these leels is occupied. On the intro-
duction of a core hole in the chemisorbed CO(e.g. the Cls hole) the 2*h and 2*a
orbitals change their character quite significantly to become 2if; and .
The former is now partially occupied and closely resembles the isolated 2
orbitals of CO, and the latter is unoccupied with significant metal character
and less CO content. The character of the 1w level of isolated CO is basically
the same for the chemisorbed ground state (where it is labeled 1W). However,
it changes rather dramatically (label: W*') after the removal of the core
electron, as it shiftsto screen the core hole.

A description of the final states which give rise to the three peaks observ d
in the experimental spectrun can be given in terms of the occupancies of the
three orbitals 1', 2i, and 2W'; there is of Course a ls hole in each of thefinal states. The assignment oF the final state configuration corresponding to

the three observed peaks (in order of increasing binding energy) is as follows:
.4 ~1 0 (1' 4(2 0( 1 an .3 2 ,01.) (1* ) (2wb) (2 )O  2.) (1b)(2%)0(2Fr) and 3.) (1W ) (2%) (2%)

The last final state corresponds to the final state configuration found in the
isolated CO molecule due to a 17r' 2w' shake-up.
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Abstract

By employing the XU-scattered wave method with a Cu9 CO cluster to

model the chemisorption of CO on a one-fold site of a Cu (100) surface, a

simple interpretation of the satellite structure observed in the x-ray

photoelectron spectrum (XPIS) in the C Is and 0 Is regions, has been ob-

tained. The physical model obtained by analyzing the results of the Cu CO

cluster calculations is qualitatively the same as that obtained in a pre-

vious study of a Cu CO cluster with the CO in a four-fold site [ Solid State

Comun. 36, 265 (1980)]. The quantitative differences suggest that the

present Cu9CO cluster is the better model, however.

Experimentally, a three peak structure is observed in both the 01 and

Cls hole spectra. The "first" peak, at lowest binding energy, is followed by

a second peak at 2-3eV higher binding energy and the third peak is at 7-8eV

higher binding energy with respect to the first peak.

The theoretical model derived here suggests that the unoccupied 2W

level of isolated CO is split into two levels 2wa and 2"'b on interaction

with the Cu metal. In the neutral ground state neither of these levels is

occupied. On the introduction of a core hole in the chemisorbed CO (e.g.

the CIs hole) the 2wb and 2Wa orbitals change their character quite signif-

icantly to become :rw and Cwa . The former is now partially occupied andb



closely resembles the isolated 2w orbitals of CO, and the latter is un-

occupied vith significant metal character nd less CO content. The charac-

ter of the 1w level of isolated CO is basically the same for the chei-

sorbed ground state (where it is labeled 1v). However, it changes rather

dramatically (label: l ) after the removal of the core electron, as it

shifts to screen the core hole.

A description of the final states which give rise to the three peaks

observed in the experimental spectrum can be given in terms of the oc-
" ,~aS ..0 |,..

cupancies of the three orbitals Iv , 2 wb and 2j there is of course a Is

I hole in each of the final states. The assigment of the final state

configuration corresponding to the three observed peaks (in order of in-

. i,,creasing binding energy) is as follows: 1.) (1;' 4(2 )1(2;'9), 2.)

i;)(2; )(2;')l and 3.) (iv ). (2 )2(2w-')0. The last final state cor-b a wb a
responds to the final state configuration found in the isolated CO molecule

due to a iw' * 2w' shake-up.
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1. Introduction

The nature of the mltiple lines observed in the x-ray photoelectron

spectroscopy (XPS) of core levels of adsorbates on metals has received

considerable attention recently. ?or the case of CO chenisorbed on Cu, two

experimental studies have been reported. 1 2 The first studied Cls and Ol

core hole spectra of CO on polycrystalline Cu1 and the second studied the

Cls core hole spectrum of CO on Cu (100).2 Although initially the pos-

sibility of multiple adsorption sites was considered as an explanation of

the observed multiple lines in the core hole spectra, it is now generally

agreed that the multiple peaks arise from a single adsorption site.
1"2

.In this paper we will discuss both the Ols hole spectrum and the Cls

hole spectrum for CO chemisorbed on Cu (100), although it is only the

latter case for which single crystal data has been reported. However, it

should be noted that the reported Cls spectra for CO on polycrystalline CuI

and on Cu (100)2 appear very similar; both exhibit a characteristic three

peak spectrum.

The first theoretical treatment to consider the Cl hole spectrum as

arising from a single adsorption site for CO on Cu was the work of

Gunnarsson and Schonhammer.3 They employed a simple model Hamiltonian ap-

proach and concluded that the shape of the valence density of states (DOS)

of the metal (Cu) can dramatically influence the form of the XPS core

spectrum of the adsorbate. A second approach to the problem and a rather

different interpretation of the origin of the three peak spectrum was given

by the present authors in a preliminary comunication of results4 as-

sociated with the present study. In that communication, as in the present

work, a molecular orbital cluster method was employed. Specifically self-

consistent-field Ia scattered-wave calculations5 ,6 were presented for a

Cu5CO cluster in which the CO was in a four-fold site.

The third and most recent theoretical study 7 has employed a molecular

cluster approach using the self-consistent-field Hartree-Fock method to

study a Cu5CO cluster, in which the CO is in a one-fold site on the metal

cluster. The physical model obtained from the latter study is rather

different from either of the two previous studies.

Because of the rather different physical models arrived at by the

three studies and the fact that a description of the physical processes is

.. . . ...--~... . . ... -. ~. ... .*.. ... .... .. .
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fraught with a variety of semantical difficulties, we believe it is im-

portent to review the similarities and differences found in the three

works, before proceeding to describe our present results. Thus in the

resmainder of the Introduction, we will present a synopsis of the salient

features of the three models from a cormon viewpoint as well as trying to

bring out the viewpoint of the individual studies. This, hopefully, will

remove soe of the problems which are a matter of semantics and point out

the differences which are a matter of physics. We shall try always to keep

in mind the actual experimental spectrum which one is trying to explain.

After this discussion, which is presented below, the computational

matters related to the present work are discussed in Sec. II. The results

for the various Cu.CO clusters are given in Sec. III. In Sec. IV a

discussion of the results and a comparison with experiments for transition

metal carbonyls are presented.

In Fig. la the Cs XIPS experimental spectrum2 for CO chemisorbed on Cu

(100) is shown. The three peaks in the spectrum are labeled to facilitate

the discussion below. Naively, i a one-electron picture one might imagine

two extreme situations as a qualitative guide to the understanding of the

three peaks. In the first, one can imagine that the photo-ionization of a

CIs electron from chemisorbed CO, yields three final ion states with dif-

ferent probabilities in which orbitals with roughly the same energies but

different hole screening capabilities are occupied in each state. These

differences in hole screening capabilities would lead to the observed

differences in the Cls binding energies. At the other extreme, one might

imagine the situation where three different orbitals with roughly the same

hole screening capabilities are occupied in the three final states but that

these orbitals have considerably different orbital energies. Thus it

would be these differences in orbital energies which would be reflected in

the experimental spectrum. It should be clear however that the actual

situation, expressed in one-electron terms, will most likely be a combine-

tion of these two limiting situations.

In Fig. lb, a schematic energy level diagram is given which is useful

in the discussion of the results of the Gunnarsson-Sch'nhammer (GS)

model. 3 At the right of Fig. lb, the lw and 2w levels of the isolated CO

molecule are shown. The Ii is completely occupied with four electrons and

the 2w level is empty. The occupied a-levels of CO are not shown as they



are not relevant to the present discussion. At the left of Fig. lb, is a

schematic representation of the occupied portion of the energy level

structure of Cu metal, shoving the wide sp-band overlapping the narrow 3d

band. On introduction of a core hole in the CO aolecule (labeled CO*) the

lV and 2T levels are shifted to lover energies in response to the increased

positive charge on the core hole site. Orbitals which have changed in

response to a core hole are denoted with a prime. The chemisorbed CO

levels are denoted by a tilde (-) over the orbital designation, and thus

the 2;'level (which is the level of the chemisorbed molecule in the

presence of the core hole) is pulled down below the Fermi level (EF) of Cu

so that a charge transfer from the metal can take place which will help to

screen the core hole on CO.

The three peak structure in Fig. I&, is explained by the GS model in

the following manner. All three peaks are the result of the transfer of a

substrate valence electron to the 2;' level of the CO molecule. Peak 1

results from the transfer of an sp-like electron which is initially close

to E. into the 2i' level of chemisorbed CO. Peak 2 corresponds to an

sp-electron at the top of the d-band,AD2eV 0 eovjrA i ' level.

Finally, peak 3 corresponds to an sp-like electron close to the bottom of

the sp-band "tunneling" into the 2;' level. The three labeled arrows in

Fig. lb, thus schematically show the origin of the three peaks of Fig. la,

as determined by the GS model.

It is interesting to note that this model provides an explanation for

the three peak structure which is rather closely related to the second of

the simple explanations mentioned above. That is, the screening orbital is

the same in each case, and the positions of the peaks are related to the

energy level positions in the metal from which the electron is transferred,

hence the conclusion of GS, that the valence DOS can dramatically influence

the form of the XPS core spectrum of an adsorbate.

This particular explanation of CS for CO on Cu is rather different

than previous work of theirs8 which discusses sultipeak structure in core

level spectra. In previous work, a two peak structure was discussed in

terms of a screened and a non-screened peak arising from an unoccupied

adsorbate level being pulled below the Fermi level on creation of a core

hole. 8 This model had been previously discussed by Kotani and Toyozava9 in

explaining the photoelectron spectra of core electrons in La and Ce metals.

--. 1 ' d
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A schematic representation of the model deduced by the present

authors4 to explain the experimental spectrum of Fig. la, is shown in ig.

Ic. Again at the right are the 1v and 2v levels of the isolated CO

molecule, the next colu to the left shows the levels of CO with a core

hole. The interaction of the 2w level of CO with Cu results in a mixing

between metal and 2w producing two levels 2w and 2 b antibonding and

bonding, respectively). The 2wa level which is higher in energy than the
2xvu has far more CO 2w character than the 2;b level. However, when a core

hole is introduced into the chemisorbed 00 producing the levels 2;' and 27rb

shown in Fig. Ic, it is found that the character of these orbitals is

considerably different than those of 2: and 2 . In fact, 2-- becomes

more strongly CO 2-like and 2ra becomes more strongly Cu sp-like. This

situation will be fully discussed in Sec. 111. The 2wb level which is

strongly CO 2: in character is partially occupied with one electron. Thus

the first peak in the experimental spectrum can be attributed to a transi-

tion between the ground state of the neutral chemisorbed system and a final

state in which a core hole on CO is produced together with a transfer of an

electron fro Cu to the 2;; orbital. This 2w orbital containing very

significant 2w CO character contributes to the screening of the core hole.

It is the main contributing factor to the extramolecular screening of the

core hole. This final state, i.e. the final state associated with peak 1

is the calculated ground state of the chemisorbed core hole ion system.
10a

If one chooses this ion state as the zero of energy for discussing the

spectrum of Fig. I, then the other two peaks represent shake-up states as

they are given by excitations from this core hole ion ground state. Thus

peak 2 can be viewed as a transition from this ground state ion to an

excited state ion by virtue of an excitation of an electron from the 2lrb
orbital to the 2;6 orbital. Considering the character of these orbitals as

a e.ll . t,, oa.. .

discussed above, the transition ma? be described rather well as the absence

of a net charge transfer from the substrate to the chemisorbed species.

Peak 3 is described as a one-electron excitation from the 17r' level to the

21' level. This is the analog of the U' 2 2' shake-up in isolated CO,

which is found at -8eV above the main peak in the molecular core hole

spectrum.10b

As a consequence of our choice of the zero of energy above, we refer

to peaks 2 and 3 as "shake-up" peaks. If, however, one were to choose a

l * --- . . ... . .. f - - -
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zero of energy based on the isolated Cu and CO* states (first and third

columns of Fig. Ic), one night use a different set of words to describe the

spectrum although the physics remains unchanged.

Consider the consequences of basing the zero of energy on isolated Cu

and CO*. The Cu cluster remains neutral; the isolated molecule is ionized,

thus its 2w' level is lover than the Cu Fermi level. The final state of the

interaccing cluster-molecule system which most closely resembles this de-

fined zero-of-energy state is peak 2. In this configuration the electron

donated from the Cu to the 2i has been transferred to the 2 wa, which also

has predominantly metallic character. Then peak 1, as it is lower in

energy than peak 2, must be considered a "shake-down" state. This peak is

made possible by the increased screening derived from the transfer of an

electron from the substrate to the molecule. Clearly the nature of the

final states resulting in peaks I and 2 are the sme regardless of how we

choose the "zero of energy" reference point. Thus whether we refer to peak

2 as the main peak and peak I as a shake-down peak, or alternatively refer

to peak I as the main peak and peak 2 as a shake-up peak is purely a matter

of semantics - not of physics.

Bagus and Seel 7 (BS) have recently discussed a third theoretical

model to explain the core level spectrum of CO on Cu. They employed a

Cu 5CO cluster and Bartree-Fock theory to discuss CO chemisorbed on a one-

fold Cu site. A schematic representation of the BS model is shown in Fig.

ld. The two columns at the right are the same as for the two previous

models discussed. When Cu and CO* are combined as in the second column

from the left an electron is transferred to the 2T' level of CO*, resulting

in a single electron occupying the 2;' level of the combined system. As BS

choose their reference point as the isolated Cu and CO*, they refer to this

transfer of charge from the Cu to CO* as a shake-down process. They assign

both peaks I and 2 of Fig. la to this shake-down process. They assign peak

3 as the "main peak" as the final state in this case (2;' empty and one

electron in 2e y) is almost entirely Cu in character and hence is very

similar to their reference point of isolated Cu and CO*. Note however that

with a change in reference point one might call the first peak the main

peak and the third peak a shake-up (arising from the transition shown by

the dotted arrow in Fig. ld). The BS model does not really explain the

full three peak spectrum of Fig. Ua, as it does not differentiate between

.4 o

. . . . . . . . . . . . . . ..".' ": " ". . . . . . . . . . . . . . . . . . . . .... . . . ... . . . ..
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7peaks I and 2. Indeed these authors only discuss the experiments in terms

of a broad spectrum whose structure extends over an energy range which

correlates with the energy difference between the two states considered in

their calculations.

One point of agreement between the three models, in terms of the

physics, is the nature of the final state which is responsible for peak 1.

In all three cases this peak is said to arise from a core hole on the

chemisorbed CO molecule, with an electron occupying a CO 2-like orbital

which has been transferred from the Cu sp-states near the Fermi level.

This is in spite of the fact that the language used to describe the

situation in each of the models appears to be rather different.

However, beyond this point the agreement in terms of the basic physi-

cal situation vanishes. S7 assume that peak 2 has the same origin as peak

I and the MLS4 and GS3 models propose two further explanations. Likewise,

for peak 3, the three models provide three separate explanations. Only the

MLS studies have considered the possible importance of excitations involv-

ing the lw' orbital. A further discussion of these models is presented in

Sec. IV, following the presentation in the next two sections of the theo-

retical methods and the results of the present calculations.

II. Theoretical and Computational Methods

A. SCF-Xa-Scattered Wave Calculations

The SCF-Xa-SW method has been thoroughly discussed previously and

there is no need to reiterate the basic theory. Thus, the discussion will

be restricted to those aspects of the method and computations relevant to

the systems under study here. A schematic representation of four Cu

.lusters are shown in Fig. 2. Calculations have been performed for the

clusters shown in Fig. 2a, c and d. The z-axis is taken as perpendicular

to the page and emanating from the center of each cluster. The CO molecu-

le is taken as co-linear with the a-axis, having the carbon end closer to

the cluster. The "surface atoms" of each cluster are shaded in the figure.

The cluster shown in Fig. 2b, is the one chosen for th- Hartree-Fock study

briefly described in the introduction. Of the Cu5 clusters, configuration

(a) represents a four-fold adsorption site, and (b) represents a one-fold

adsorption site. For the Cu9 clusters, configuration (c) is used to repre-

sent adsorption at a one-fold site and configuration (d) is used for

adsorption at a four-fold site.

. -t .... o. ... . . .. . ,



In our calculations the Cu-Cu distance was taken to be that of bulk

Cu, i.e. din - 2.551. Tangent Cu spheres were used in all the scattered

wave calculations, and the experimental molecular CO internuclear separa-

tion of 1.1281 was employed. For the Cu5CO calculations with the configur-
ation shown in Fig. 2s, the Cu-C distance was taken as 2.301. A LEED
study 11 for CO chemisorbed on Cu(100) suggests that the CO is at a one-fold

site with a Cu-C distance of 1.9 O.lA. Therefore for the Cu9CO calcula-

tions using the configuration of Fig. 2c, this distance was used. However

the same distance as used for the Cu5CO model was also employed for the Cu-

C internuclear separation for the configuration of Fig. 2d.

The carbon and oxygen sphere radii were taken as 0.771 and 0.661

respectively, constituting an overlap of 26.8% for these spheres. The

atomic a values were taken from the tabulation of Schwarz12 and the a value

in the inter- sphere and outer sphere regions was 0.71980 as obtained by a

weighted atom average.13 The partial wave expansions included I-values up

tot 1l for carbon and oxygen spheres, I w 2 for the Cu spheres and I - 4 for

the outer spheres.

B. Relative Intensities of Core Hole States

In earlier work on core hole states using a Cu5CO cluster, it was

found that a large number of possible final states occured in the energy

range observed for the core hole spectrum.14  Thus it was necessary to

calculate intensities of the various transitions in order to make .a defi-

nite assignment.4  In the latter study, as in the present one, we use a

precedure first proposed by Loubriel. 
1 5

The intensities can be calculated assuming the sudden approximation,

which is a reasonable assuuption for the high energies involved in the XPS

core level ionizations. Let us assume that the initial neutral ground

state (NGS) of the chemisorbed CO system is represented by a single Slater

determinant.

(N) A [41()* 2(2) .... ON(N)] (1)

where A is the antisymnetrizer and the #i are one electron spin-orbitals.

Then for simplicity, we can consider two final states which are produced

--------- ............... ....
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via the lonisation of a Is electron from the chemisorbed CO molecule. The

final states may be written as

andfl (1) - A[ X1(1) #2' (2) ... '( (2)

*f2(N) - AXI(1)#2"(2) .... ."111)*m"(N)J (3)

where X1(1) represents the continuum state of the ionized electron. In Eq.

(2) the primes on the orbitals denote that these orbitals are not the sae

as in the neutral ground state, they are the relaxed orbitals of the final

state. We shall refer to the orbitals in Eq. (2) as the ion ground state

(IGS) orbitals. The final state of Eq. (3) differs from that of Eq. (2) in

that a different electronic configuration is involved, namely orbital a is

occupied rather than orbital N. The double primes in Eq. (3) denote the

fact that these orbitals may be slightly different than in Eq. (2), i.e.

the relaxation in the two final states may be somewhat different. We refer

to the orbitals in Eq. (3) as the ion excited state (ZES) orbitals. In the

sudden approximation, the ratio of the peak intensities resulting from

transitions from the ground state to the two final states is:

If2.- i J<A['2"..--N-#,-') I AC*2..z N-.> 1 2f ""m
a V -(4)

If14 i 1<-' 2 "" #N'N A#2 .... NI> 2 4

i.e., the ratio of the squares of overlap integrals multiplied by a factor,

v, which takes account of the degeneracies of the states involved. The

overlap integrals in Eq. (4) are between (N-i) electron states in which the

orbitals describing the ionized electron have been deleted from the N-

electron states. If we represent the initial state wave function with the

Is electron removed as *(N-1) and represent the two final state (N-i)

electron wave functions as f2 (N-1) and *fI (N-i), then Eq. (4) can be re-

written as

f24. f2"(N-1) #,i(N-i))Il

fi+- i 1< fl'(N-) I#.i(1-1) I 2 (5)

' '4



While the primed and double primed wave functions are different from each

other, one may expect, however, that the largest relaxation effects will
occur on introduction of the core hole and that a different occupancy of

valence orbital* in the final states will not produce a large change in the

orbitals. That is, it is likely that the orbitals of the #f2 (N-1) and

fl' (N-1), the IGS and IUS orbitals, will be quite similar. Our ex-

perience has shown that this is in fact the case. This would allow a

reasonable description of ff2" (N-1) in terms of the orbitals of Of' -

i), 2.e. f2 (N-1) a *f2' (N-1). Thus,
f2,f'(sll~ (-)J

Icfl ' l 0 N l :(

(6)

An additional level of approximation is possible if only a few orbi-

tale are involved in the processes under consideration. For example, if

orbital #N of the initial state becomes #N' in the state #fl' and if an

electron is excited from 41N' to #m' to give state *f2, then Eq. (6) can be

approximately written as l,,.l2

l.. , , 2 (7)

which is a ratio of squares of one-electron overlap integrals.
Mae calculation of the one-electron overlap integrals between the

initial and final state orbitals necessary to evaluate expressions (5)-(7)

employs the method of Loubriel. 15  The radial integration is done nu-
merically within each atomic sphere and beyond the outer sphere. The

overlap integral in the intersphere region is transformed by Gauss'
theorem to a surface integral over the atomic and outer spheres which bound
the intersphere region. Although this technique can be derived rigorously

for the touching sphere case, its use for overlapping atomic spheres must

be justified empirically. As will be discussed shortly for the case of the
isolated CO molecule, the intensities calculated using overlapping spheres

are reasonably close to the values obtained using touching spheres. The
difference between the two sets of values is indicative of the uncertainty

in the calculated intensities.

.1-.... o .... .. .. . .,.° . , o
.... ..- -- ,. *---.- .. ...-. ~..,. .*-. . . .



Before discussing some results for the CO molecule, it is instructive

to consider a more detailed analysis16 of the photoemission intensity ex-
pression for the case where the initial and final states are each repre-

sented by a Slater determinant. Tor this situation the expression for the

transition moUt is

k84

where () Is h nta lt efnto, ()i h ia t

j~l ksz
Where * i(N) is the initial state wave function, *f(N) is the final state
wave function which has one electron in the continuum orbital X, and *(N-1,

*P 1) is an W-1 electron determinant constructed from the P electron
determinant by deleting the column containing orbital *. and the row con-J
taining electron 1. The intensity is proportional to the square of Eq.(8).
Considering only the first term in Eq.(8) yields the sudden approximation
result, which is used in 9q.(5).

If we neglect the third term in Eq.(8), the first two terms can be
sumarized as a single Nx determinant with the column corresponding to the
continuum orbital in the final state consisting of the elements

CxfvlfIl' .'xfvf 2 ' .... <XV : This can most easily be visu
alized as using (N1 Ix>) as the first orbital in constructing the Slater
determirant for the final state, then taking the product with the initial

#tate.

An approximate evaluation of this 1W "augmented" determinant is to
set all the matrix elements <xjV 1l#i2 to a constant. This constant will
factor out of the expression for the determinant. In taking the relative

intensity of a shake-up peak to the principal peak, the constant will

cancel. Thus we may as well assign a value of unity to the column of the
determinant due to the photoelectron in the continuum final state.

In order to discuss the intensity calculations for the CO molecule and

the alternative approaches available, we vish to sumarize our terminol-

ogy. The determinantal wave function for the initial neutral ground state

CGS) will be constructed from the lGS orbitals. The orbitals in the ion

state corresponding to the principal ionization peak are the ion ground
state (GS) orbitals. For any shake-up peak, the orbitals of the final
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state will relax in response to the shake-up excitation as well, thus this

final state is constructed from the ion excited state (ZES) orbitals.

The intensity of a satellite peak ought to be calculated using the

overlap between two determinantal functions made up of URS orbitals and NGS

orbitals, respectively. The difficulty with such a procedure is that the

determinantal function constructed from the IES orbitals (to describe the

shake-up) is not orthorgonal to the function constructed from the IGS

orbitals (to describe the principal peak). Hence the calculation of rela-

tive intensities based on overlap integrals between these states and the

state constructed from neutral ground state orbitals is not valid.

Clearly this difficulty is a consequence of the single particle ap-

proximation and could be eliminated by going beyond the single determi-

nantal description. This non-orthogonality can be avoided, however, by

constructing the shake-up state determinant with the IGS orbitals. Al-
due

though this ignores the relaxation of the orbital to the shake-up itself,
A

it retains orthogonality of the configurations due to the orthogonality of

the one-electron orbitals.

To investigate these effects calculations on CO were considered. The

calculational paraeters are given in Table 1. The effects of even a

modest (5-72) configurational overlap (non-orthrogonality) are shown by

the results of Table 11. The relative intensities (shake-up to main peak)

presented in Table 11 have been calculated using the following methods:

(a) method I - augmented determinants constructed from IGS orbitals, (b)

method 11 - augmented determinants constructed from IES orbitals, (W)

method III - constructed a 2-configuration excited state from the IES

orbital configuration (as in method II) and the IGS configuration, such

that this state is orthogonalized to the IGS configuration, and (d) method
IV - using one-electron integrals# i.e. q.(7). A comparison of methods I and IV
for ouerla in aDneres is a.so given in Table I1.

Hethod I is closest to the ideal approach - a proper configuration

interaction calculation. We note that despite 4 seemingly small con-

figuration overlap, using the lGS orbitals to construct the excited state

(method 1) does agree quite closely with the best estimate which we can

make (method 111). It is also important to note the close agreement

between method I and method IV. As the latter only involves the ratio of

sqvaresof one electron overlap integrals, as in Eq.(7), this is a particu-

larly simple and useful approximation. It is this approximate form which

.G 
I'll.1.. 
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we will rely upon in discussing intensities in the Sec. 111, however we

have checked its reliability for the Cu5CO case and found it to be very

good.

111. Results

A. The CO Molecule

As we are concerned vith the core hole spectrum of chemisorbed CO, it

is important to have an understanding of the satellites found in the core

hole spectrum of the isolated CO molecule. In this way, we can dif-

ferentiate those effects which are intra-molecular from those which are

extra-molecular in the chemisorbed spectrum. Furthermore, it is important

to test our theoretical procedures on a simple system before investigating

the more complicated chemisorption case.

Consider the case of a lwv 2w shake-up in carbon monoxide. The

final state configuration can be any of the following: N(isa) (Il )1

(2w1x) 1], [(ls*) (iwi) 1(2w)1J, [(lsa)(lvwx )1 (21x0)' ] or [ (1sB)i -

(I: 5)1(2v x0 ')1 where only the open shell orbitals are shown explicitly

in the configuration notation. The configuration with v orbitals replac-

ing the w orbitals are of course degenerate, and a combination of these

configurations would have to be taken to obtain a proper eigenstate of the

system. The first configuration would be a spin eigenstate (a quartet),

however, the other three configurations are not proper spin eigenstates -

they are combinations of two doublets.

There are thus three unique final energy states which can arise from a

lw 2: shake-up transition, one quartet and two doublets of which only the

-doublets are "allowed" transitions. The only rigorous way of calculating

-the two doublet excitation energies and intensities is through configure-

tion interaction. However, the Xe method can not give the separate excita-

tion energies of these doublets and as described in the last section the

procedure for calculating intensities is based on a single determinant.17.

Thus our treatuent, in common with previous work on the subject 7 is rather

approximate. It is however sufficiently accurate to account for the main

features of the experimental spectra at a semi-quantitative level.

The experimental spectra are taken from two sources: the Cis spectrum

is that of Gelius17b and the Ols spectrum is from Carlson et £l.10 Table

III compares the experimental spectra to the values calculated using spin-

*restricted IQ theory. Energies and intensities were calculated for four
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shake-up transitions. The total shake-up intensity calculated theo-

retically agrees reasonably well with the observed total which is somewhat

reassuring. However, there is clearly not a one-to-one correspondence

between theory and experiment. For the spin polarized Xe results in Table

IV, there is considerable improvement, but the fact that the excited doub-

let wave functions are constructed as single determinants leads to un-

certainty as to the individual energies and the division of intensity

between the two actual doublet final states.

Referring to Table IV, we aee that for the Cls spectrum the energy of

the observed first peak agrees reasonably well (difference of 1.1eV) with

the calculated average doublet lv o 2v transition. The intensity is over-

estimated, but some of this intensity will belong to the other allowed

lwo-2w doublet state. Gelius17 battributes the small peak at 11.4eV to

inelastic scattering. Thus the second calculated doublet probably corres-

ponds to the observed peak at 14.9eV. This assignment is consistent with a

CI calculation by Guest at l.l8 and with the recent discussion given by

Freund and Plumer. 19 The band of shake-up peaks between 17 and 24eV is

rather well described by the calculated energies and intensities for

5o.6a, 5o.7a and lw-3w shake-ups, although these assignments must be

considered tentative. There can be no doubt, however, of the importance of

CI in describing the shake-up states arising from lir 2w transitions.

Although the Ols experimental spectrum has fever peaks, this may

reflect the lower resolution of the spectrum. The average of the calcu-

lated 11-43 doublets corresponds nicely to the average of the observed

peaks at 23.8 and 26.5eV. Assignment of the lw2w peaks is less clear.

The most reasonable explanation is that there is a large correlation effect

arising from the interaction of the two doublet states which will shift the

first calculated lw.s2w doublet to align it with the observed 8.6eV peak

and allow the second lw o2w doublet state to explain the 15.6eV peak.

There is considerable support for this interpretation in the consistent

appearance of a 7-8eV shake-up in transition metal carbonyls and in CO

cheuisorbed on transition metal surfaces.19 An Os lw* 2w shake-up around

8eV would thus explain the observation of this peak in such a variety of

environments.

A.



Only through a careful CI calculation will the assignment of the

shake-up spectrum of CO be fully resolved. However, higher resolution

experimental data also will be required in order to determine the accuracy

of such calculations.

j. Cu9CO Calculations
The calculations for Cu9CO with CO at the one-fold site (cf. Fig. 2c)

at a Cu-C distance of 1.91 (the distance determined by LEED) will be

discussed first. Shown in Fig. 3a are the ground state orbital energies

for this cluster. The orbital energies are measured with respect to the

highest occupied orbital (EF ) as the zero. This highest occupied orbital

and the one below it are Cu up-like in character. The unoccupied levels

are denoted by dashed lines. The first unoccupied level is the 2w b which

is a mixture of Cu up and CO Micomponents; a contour plot of it is shown in

Fig. 4. About 2eV below EF there is a group of closely spaced levels which

are strongly Cu 3d-like in character with some admixture of Cu sp charac-
ter. Below this group of closely spaced levels which constitute the
cluster analog of the Cu d-band, there are several levels between -5eV to -

6.5eV which are Cu up-like. Finally, starting at --8eV are the levels

associated with the CO molecule. A contour plot of the lw orbital is also

shown in Fig. 4. The splitting between the 1 and 5i orbitals of the

chemisorbed system tends to be quite exaggerated by the muffin-tin approx-

imation to the potential. However, for the isolated CO molecule, this is

not the case. 20a Another orbital of interest is the 2;a orbital (a contour

plot is given in Fig. 4a) which is unoccupied and is not shown on the

orbital energy level of Fig. 3a because it is too high in energy.

On the introduction of a Cls core hole in the chemisorbed CO molecule,

the originally unoccupied 2lb is pulled down in energy such that it becomes

partially occupied (2 b'). Note that the li orbital is also stabilized.

These CO levels are pulled down in energy relative to the Cu levels as a

result of the localized core hole produced on the CO molecule. It is the

orbitals of chemisorbed CO which exhibit the most drmatic response to the

creation of a core hole. This is shown clearly in Fig. 4, where contour

plots of the 1;, 2;b and 2wa orbitals, before and after the introduction of

the core hole are given. The response of the l orbital when a Cls

electron is ionized, is to shift toward the carbon atom in order to screen

the core hole. The response of the 2;b orbital is quite dramatic. In the

ground state it is unoccupied and has some CO content, but is mainly Cu in

-. ........ .. .. ..... -' I



character. In the Cls hole state it is occupied and is now very largely CO

2: in character. Am the 2; 'orbital oust raain orthogonal to the
orbital, there is also a significant change in the 21r orbital on going

from the ground state to the Cls hole state. In fact in the hole state,

this orbital (2; ') is nov almost exclusively Cu sp-like in character.

Qualitatively, a very similar situation occurs for the case of the Ol

hole state, with the exception of course that the 1W orbital shifts to the

oxygen end in the Ols hole state in order to screen the core hole. Now-
ever, the qualitative changes in the 2 'b and 2w a orbitals are similar to

those discussed for the CIs case.

In Fig. 3, Fermi statistics obtain in each case. For the ground

state, the Fermi level is determined by a metal-like 7b 2 level which

contains one electron. For the O1 hole state, the 2"b ' level contains one

electron and determines E. lovever, for the Cis hole state, Fermi statis-
tics are only satisfied if the 2wb' contains a small fraction of an elec-

tron beyond an integer occupancy. The differences in wave functions,

energies, etc. are rather slight between the cases of integer occupancy of

2wb ' and the non-integer occupancy of this orbital. As a consequence of

this and the ease of dealing with integral occupancy configurations, only

those calculations which assume integer occupation numbers will be dis-

cussed here.

Thus the ground state of the core hole ion has the configuration 1:

(2wbe)(2v O -- " and the various "shake-up" states (since we are choos-

ing this state as our zero of energy to discuss other final states) will be

obtained by electronic excitations from this configuration. As mentioned
"in the introduction and as discussed below, the only transitions which have

any appreciable intensity are those involving these three orbitals, the

l',- 2 w.' and 2: '. The lowest excited ion state has the configuration I1:
(,;,)4 (2. 0 (2v $)I and the other excited ion state has the configuration

II: (W') (2 b(2.1)O .  These are the three final states which give

rise to the spectrum of Fig. IU.
In order to determine the energy separations between these three

states, spin polarized transition state calculations were carried out.
Taking configuration I as the zero of energy, we obtain for the Cls core

hole case energy separations of 2.3eV and 8.leV for configurations II and

III respectively. Likewise for the Ols core hole, we obtain energy separa-

*- ...-.... . .-.. ..... > .i ,.
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tions of 1.9eV and 12.5eV. 7or the case of configuration III, there are
three open shells (including the core shell) which lead to many possible

states - as a result of the various allowed spin couplings. ithin the

context of Ia theory the various states cannot be resolved, as one does not

generate proper eiganstates of the total spin. As a consequence, the

numbers quoted above are based on the high spin configuration. Although

within the context of ab initio calculations such spin couplings can be

rigorously treated, the work of BS7 on Cu5CO has not considered this prob-

lem.

In Table V the results for the shake-up intensities are presented;

only. those shake-up transitions are given which have calculated relative

intensities greater than one percent. Again we note that the energies and

intensities are given relative to the calculated first peak, i.e. the core

hole ion ground state. Only two transitions have significant intensities,

they are the ones previously referred to as giving rise to the two satel-

lite peaks in the spectrum of Fig. la. Although the calculated relative

intensities for the two satellites are not quantitative, they do have the

correct behavior of decreasing in intensity with increasing binding ener-

gy, which contrasts with the behavior was found in the recent

Hartree-Fock cluster calculations.7 We note that the l'4 2gb' peak posi-

tion for the Ols hole is considerably higher in energy than the correspond-

ing peak for the Cls hole. This is completely analogous to the situation

seen above for the isolated CO molecule.

In Table V, the energies have been determined by the transition-state

procedure for the intense transitions. For the weak transitions the ener-

gies have been estimated from the ion ground state orbital energies, these

values are given in parentheses.

For the case of the Cls hole spectrum a further calculation was

performed. In this calculation the CO to Cu distance was increased from

1.91 to 2.41. Then A1 and the relative intensity of the 2fb'b 42ia
transition were calculated. The results for this larger distance were

found to be 2.55eV and 127Z as compared to the values (at 1.91) of 2.26 and

60.42 in Table V. Thus as the Cu-CO distance is increased the intensity of

peak 2 becomes larger than that of peak 1. The significance of this result

will be discussed in section IV.



Results have also been obtained for CO chemisorbed in a four fold site

using a Cu9 cluster (cf. Wit. 2d), with the Cu-C distance of 1.431 as

employed in the previous Cu5 CO study. 4  It is probably useful only to

discuss these results in a qualitative way, pointing out the differences

among the Cu9 CO (1-fold site), the Cu9CO (4-fold slit) and the previous

study of Cu5CO.

The most important point, however, is that qualitatively the results

of all three calculations are very similar. The same basic picture of the

physics involved in producing the satellite structure obtains. The dif-

ferences of interest are the following. Comparing the 4-fold site cases of

CU5 CO and Cu9 CO (4), one finds in the former case that both the ;'.+ 2;b'
and Ii'V 2ia ' transitions have roughly comparable intensities, however, in

the latter case the 1i'42*b' transition has a calculated intensity about

an order of magnitude greater thn for the 1;'o -2 ' transition. Thus the
afour-fold site Cu9CO result is similar to the 1-fold site results for Cu9 CO

(1) shown in Table V. A second difference between the Cu9CO (1) and Cu9CO

(4) results and the Cu5CO results is that in both the former cases the 2b

orbital is unoccupied before the core hole is introduced. In all cases the

2;b orbital on becoming the 2 ibf orbital (on introduction of the core hole)

looses considerable Cu character and gains CO 2w character. This effect is

more dramatic for the Cu9CO case. 201b

In section II, we discussed various methods for calculating satellite

intensities for the CO molecule. Aa a consequence of the results presented

there, we have restricted our subsequent discussion to results employing

method IV based on ratios of the squares of one electron overlap integrals.

It is useful however to check the calculated intensities using this ap-

proach with that of a more rigorous approach (method 1) for the case of

chemisorbed CO. To this end we present in Table VI a comparison of

calculated intensities for the Cu5CO cluster. It can be seen that there is

reasonable agreement between the two methods considering the approxima-

tions involved. The two entries for the lw' 21!'a shake-up using method I

arise from the fact that the N-electron wave functions used to calculated

the intensities are not proper spin eigenstates. Thus, although one can

derive two formally equivalent expressions for the overlap integrals in-

volved in method I, they yield two different intensities as a consequence
of this defect in the present procedures. Nonetheless, these differences

~I.
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are not large enough to obscure the basic physics involved and we conclude

that method IV is adequate to provide a reliable approzimation for the

purposes of the present study. A truly quantitative evaluation of intensi-

ties would involve enormous labor, which in our view is neither justified

nor feasible at present.

All of the results presented thus far have been concerned with the

satellite structure found in the core level spectroscopy of CO chemisorbed

on Cu. However, there is also experimental information for the valence

region of CO chemisorbed on Cu using ultraviolet photoelectron spectros-

copy. 1.20 The experimental data is shown in Fig. 5. Norton at al. 1 suggest

that the structure in the valence region of the chemisorbed CO should be

considered to consist of four peaks which we have labeled with Roman

numerals in the figure. lowever, Allyn at al. 2 1 consider peaks I and II as

one peek with two components. The letter study used angle resolved photo-

electron spectroscopy to investigate CO on Cu(100). They showed that peak

III of Fig. 5 was due to the ionization of the 45 orbital of CO and that the

structure in the region of I end 11 was due, at least in part to the 1; and

5 ; ionizations of the chemisorbed CO molecule. They assigned peak IV to a

shake-up (the nature of which was not specified) associated vith the 4

ionization.

From transition state calculations for the Cu9 CO cluster we have

calculated the ionization energies of the chemisorbed CO 1;, 5a and 14orbi-

tals. By a rigid shift of the calculated values so as to match the 4;

-ionization energy with the position of peak 111, one arrives at the posi-

tions and assignments shown at the top of Fig. S. It should be noted that

although the calculated 5a binding energy is found to fall in the proper

region the 1; is found at a binding energy which is too low. We have

discovered from our many calculations on these system that the 1; orbital

energy and ionization energy is particularly sensitive to errors which

arise from the muffin-tin nature of the potential used in these scattered

wave calculations. The Si binding energy would undoubtedly be much closer

to that of the S, if the muffin-tin errors did not occur.

The only shake-up transition calculated to have any appreciable in-

tensity is the 2;b, 2;a, which was also important in understanding the core

region.22 The calculated shake-up energy positions (relative to their

parent orbital binding energies) are shown by the lower set of arrows in
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1ig. 5. Taking into account the likelihood that the 1i position should be

closer to the 3;positio, we arrive at the folloung assignment of the

structure in the spectrum. Peaks I and 11 arise from the primary ioniza-

tions fro the 1; and 5; orbitals together with a .wb 4 a shake-up which
accompanies these primary7 ioniations. Peak III is due to the ionization

frm the A orbital and peak IV is due to the 2jb4 2ja she-" which ac- m

companies the ionization from the 4 0 orbital. Thus one say understand the

satellite structure in the valence as well as core regions from a simple

unified point of viev.

IV. Discussion

In order to assess the validity and generality of the interpretation

which merges from the calculations presented in Sec. 111, it is worthwhile

to consider the core level satellites of CO in a more general context; that

is, to make a comparison of core level spectra for isolated CO. molecular

carbonyls and chemisorbed CO. Such a comparison has been given by Treund

and Plumer19 and Fig. 6 is adapted from their work. We consider the Ols

core region of CO in different environments - free, molecular and chemi-

sorbed. For the free molecule spectrum at the bottom of Fig. 6, the three

peaks of interest are labeled A, 3, and 4. Peak A arises from the ioniza-

tion of the Ole electron, peaks 3 and 4 are shake-ups which accompany the

01 ionization and arise from the transition 1w. 21. There are two peaks

from this transition because two independent doublet states are created.

When the CO molecule interacts with a metal atom as in the case of the

W(CO)6 molecule, the 2w orbital of CO interacts with the metal atom so as6o

. to produce two new orbitals - a bonding 21b and an anti-bondins 2;, orbi-

tal. The stronger the interaction between the metal and CO, the larger the

energy separation between the 2 and 2 
a levels. On ionizing the 01.

electron, the 2;b orbital should become partially occupied and pick-up

considerable W, 2Y character (see Fig. 4 for the Cu9CO case), this con-

tributes screening to the core hole and results in peak 1 being at lover

binding energy as compared to peak A of isolated CO. It is also seen from

Fig. 6, that a new peak arises, peak 2, which is related to peak A of the

free CO molecule (see belov). This peak can exist in the interacting case

because the core hole ion ground state has the 2w orbital partially

occupied (the 2Worbital is empty in the CO case) and further, due to the

energy splitting produced between the 2i and 2;; orbitals a transition

"""'w 
l '' ' '4 ' '
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(shake-up) can occur between the 2i b* and 2; a orbitals. The shake-up

transition is of the nature of a ligand to metal charge transfer (see Fig.

4 for Cu9CO case). Peaks 3 and 4 are shifted to lover binding energies due

to the screening effects of the partial occupancy of the 2I orbital. They

arise from l;P- ' shake-ups, which are direct analogs of the molecular

shake-up transitions.

For the case of CO on (110), the explanation should be virtually

identical to that of W(CO)6 and one finds that the observed spectra are
very similar.

Considering the situation for Cu(100)/CO, we observe that the peaks 1

and 2 are less separated than for the two previous cases. This undoubtedly

arises from the fact that the Cu-CO interaction is considerably weaker than

the W-CO interaction leading to a smaller splitting between the 27b and 2;

orbitals. Thus the shake-up transition 2;if 21;' has a lover energy. Peak
b a

3 arises from a f-e-"221 shake-up. An interesting question arises in this

case: if the spectrum had been recorded to higher binding energies would

there be a peak 4? Clearly the systematics observed here indicate that

this should be the case, if the intensity is not significantly reduced from

the molecular situation.
A comment with regard to the assignment of Bagus and See17 is in order

at this point. They maintain that peaks I and 2 of the Cu(lO0)/CO spectrum

are due to shake-down and that peak 3 corresponds to peak A of free CO. We

know of no reason why peak A of free CO should shift to higher binding

energies when interacting with a metal. All experience has been that the

shift should be to lower binding energies due to screening effects. Baguse

and Seal provide no explanation for this rather curious situation, which is

a consequence of their assignments.

Another interesting way to gain some insight into the relationship

between the isolated CO spectrum and that for the chemisorbed case is

through Fig. 7 which has been adapted from ref. 19. Fig. 7 shows a
schematic representation of the changes in the spectrum as a function of

the Cu-CO distance. Curve a represents the essential features of the

isolated CO molecule (cf. Fig. 6). Basically, peaks 3 and 4 which arise

from 1.# 2ib shake-ups should be in roughly the same positions relative to

peak 1 for all distances. For the case of CO on Cu, peak 4 has not yet

been observed and hence it is designated in curves a-d as a dashed-line

portion of the curves.

.... MUo.. .......
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When the isolated CO molecule interacts with the metal, peak A, is

split into t-o peaks - peaks I and 2. of curves a-d. The splitting arises

from the Cu-CO 2w interaction producing the bonding 2; b ' and antibonding

2i *a' orbitals vith the 2 b ' orbital being occupied in the case of peak 1

and the 2;.' orbital being occupied in the case of peak 2. As the 2;b'

orbital is largely CO 2 in character and the 2;a' orbital largely metal

(see Fig. 4) one may view peaks I and 2 in curves a-d roughly as the

screened and unscreened counterparts, respectively, of peak A in curve e.

The binding energy separation between peaks 1 and 2 reflects the

separation between the 2 b and 2; levels. The stronger the interaction
between the metal and CO (i.e. the shorter the bond length-curve a) the

larger the separation. Conversely, the weaker the interaction and longer

the bond length, the smaller the separation (curve d). The trend in inten-

sities of peaks 1 and 2 may also be understood in simple terms. At large

distances (curve d), the overlap of metal orbitals with the CO 2;' orbital

is not very significant, thus the probability that an electron will be

transferred from the metal to CO is small and the intensity of peak 1 is

consequently small. However, at short distances (curve a), the overlap is

quite significant and thus the probability that an electron is transferred

is significantly increased, resulting in a larger intensity of peak 1.

it is interesting to note that for the Cu9CO calculations with the Cu-

.•CO distance at 1.91, the results presented in the preceeding section sug-

gest a qualitative situation somewhat intermedi~te between curves b and c.

.The results for the Cls spectrum at a Cu-CO distance of 2.41 suggest a

qualitative situation intermediate between curves c and d. Thus the calcu-

lated results clearly conform to the schematic picture represented in Fig.

7.

We believe that the model and interpretation of experimental results

which emerges from the present work and our previous work has the advantage

over other models of providing a coherent framework with which to view the

core hole spectrum of CO in various environments. Its viewpoint is very

similar in spirit to that also espoused by Freund and Pluumer19 and consis-

tent with the experimental information which they have discussed. Fur-

thermore, we believe it will provide a conceptual framework with which to

discuss the features of core level spectra in other systems.

.1.. .... ..-.... ....... . .. ,....~. . .. . .
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TAB I

' t Parameters for CO Molecule Calculations+

Region

Outer Inter
Parameter C 0 Sphere Sphere

0.75928 0.74447 0.75188 0.75188

sphere radius*: 1.15 0.98 2.13
(tangent)

sphere radius*: 1.455 1.247 2.417
(overlapping)

max. I value: 1 1 2

+CO bond distance is 2.132 bohr

*values are in bohr (1 bohr 0 O.529181)

N.
N



TABLE I

Comparison of Methods for Calculating Relative

Intensities of Shake-Up Peaks'I

Tanitent Spheres Overlappint Spheres

Method: I I III IV I IV

Ols: lw+2w 15.4 25.0 12.7 15.4 14.8 14.8

Ols: 5,.6a 0.3 0.9 0.3 0.3 0.5 0.6

Cls: li- r2 8.1 4.3 8.5 8.1 8.0 8.0

Cls: 5"a6 5.6 7.5 5.2 5.7 3.3 3.3

t Intensities are in percent relative to the main peak.

.4

I



TABLE III

0O Core Level spectrum

Spin-Restricted Calculations

Experiment Theory Shake-up
Transition

A6* (eV) Intensity (2) hz*(eV) Intensity* M1)

Cl region

8.3 3.1 8.6 8.0 lit 2n

11.4 0.3

14.9 5.6

17.8 2.6

19.1 2.0 19.3 3.3 5o 6o

20.0 1.4 22.4 3.1 Is-* 3r

20.8 0.6 22.9 1.2 5r1 7o

23.2 3.9

Ole region

8.6 0.6

.15.6 7 13.1 14.8 Ii r2w

18.0 3.7 16.1 0.6 5o-+ 6o

23.8 1.5 19.7 0.5 5a 7,

26.5 1.2 24.6 2.5 lw. 37

* Shake-up energies with respect to main peak.

Intensity relative to main peak.

] , j - - .-. . . . . . . . . . .



TABI IT

CO Core Level Spectrum Spin-Polarized Calculations*

Izperimment Theory

I(eV) Intensity(Z) I(eo)1  intenscty(Z)

Cl region

.8.3 3.1 9.4 8.0 1," 2P
11.4 0.3
14.9 5.6
17.8 2.6
19.1 2.0 19.7 3.3 5a-e 6a
20.0 1.4
20.8 0.6
23.2 3.9 22.1 3.1 111-' 3w

23.2 1.2 5o-+ 7a

Ole relion

8.6 0.6

13.5 14.8 Iw+ 2w
15.6 7 15.2 0.6 5g.- 60

18.0 3.7 18.6 0.5 5a. 70

23.8 1.5 24.8 2.5 Iw-"* 3w
N

26.5 1.2 .

* See footnotes to Table II.

t Ihis is the average shake-up energy of a pair of doublets. See 17a.

-i .......................- '.** -

, .... 4



TABLE V

Results for COCO 1-fold site

Core Level Spectra*

Ole Core hole Cl Core hole

Transition AEWeV) intensity (Z) AE(eV) Intensity (M)

12a 1* 13a1' - (1.36) 1.5

Se' * 2; ' (2.53) 2.2 (2.03) 1.6

2w b'4 2;a' 1.86 22.9 2.26 80.4

1;'-1 2;~ 12.5 ..11.9 8.09 9.1

lw'* 2; ' (12.8) 1.7 (9.96) 1.1a

* Energies and intensities are given relative to the core hole ion ground
state.

- .. ........................................... ..... '..............
... *.. .. .... ,,...- .. .. , , .,.. ... ,,....4. .....;..;:t;z : ~~j -.. ,., ,..,. .o ... . . .,-.... .. • , .



TABL VI

CuO0: Comparison of Methods for Calculating Relative Intensities

Transition Methods

LI IV*

Ole: 2.' * 2 22.0 28.9

Ole: 1 ' 2 ;' 12.4 8.7

Ole: It'. 2;' 7.1 5.413.1

Cls: 2 2b'* 2;a' 43.9 46.5

Cle" 1l' * 2;, 5.6 5.4

CIS: lw' 2; a ' 7.0 6.612.6

Results of ref. 4.



Figure Captions

Fig. 1. Schematic representation of three interpretations of the Cls pho-

toelectron spectrum for CO chemisorbed on Cu(100) surface. (a)

The experimental spectrum; (b) model proposed Y Gunnarsson and
Schnhsmer (ref. 3); (c) model proposed by prwsent authors (see
also ref. 4); (d) model proposed by Bogus and Stel (ref. 7). In

Cb)-(d) the right-most colum represents the 1w and 2w orbital

energies of isolated CO, the column labeled CO* represents the

energies of these orbitals after ionization of a Cls electron. The

column labeled Cu is a representation of levels near the Fermi
level, and the colum labeled (CO*)Ch. show the levels of the

chemisorbed CO with a C18 electron ionized. The transitions asso-

ciated with the peaks in the experlmantal spectrum are labeled ac-
cording to the interpretations of the three models. See text for

discussion.

Fig. 2 Cluster geometries for Cu5 and Cu9 calculations. CO is positioned

C-end down, perpendicular to the page at the center of each clus-

ter. The shaded stos denote "surface" atom.. Cluster (a) repre-

sents a four-fold adsorption site; (b) a one-fold site, (c) a one-

fold site and (d) a four-fold site.
Fig. 3 Orbital energy level diagrams determined from Za -scattered-wave

calculations for CugCO cluster. CO is positioned above the cen-

tral atom of Cu cluster shown in Fig. 2c. The energy levels of

each of the three cases have been rigidly shifted so as to align
the highest occupied levels with 3F a 0. Dashed lines represent

unoccupied levels. (a) Ground state orbital energies of Cu9CO;

b) orbital energies of the Cls hole state; (c) orbital energies of
the Ols hole state. The 2b' levels in (b) and (c) contain one

9lectrou.

Fig. 4. Contour plots of the 1 , 2P b and 2W a orbitals of chemisorbed CO

on the one-fold site of Cu9 cluster shown in Fig. 2c. The orbitals

at the right are for the ground state of the cluster before Cls
ionization; the orbitals at the left are for the C18 hole state

which results after a Cls electron is ionized. The positions of



the C. 0 and Cu uclei are shown in the lower right panel. They

are in the some relative orientation in the other panels. The Cu

atoms show very few contours because the Cu character is mostly

diffuse 9 and p.

Fig. 5 Comparison of experimental ultraviolet photoelectron transition

energies (tef. 1) with calculated spectrum based on ZI scattered-

wave calculations for Cu9CO. The calculated values were rigidly

shifted so as to align the calculated 4 0 ionization energy with

peak III of the spectrum. See text for discussion.

Fig. 6 Comparison of experimental 01. spectra for isolated CO molecule,

V(CO) 6 molecule, CO chemisorbed on V(110) and CO chemisorbed on

Cu(lO0). Adapted from data given in ref. 19.

Pig. 7 Schematic representation of expected behavior of core hole spectra

as a function of Cu-CO distance. Curves a-d are for increasing

metal-CO distances, curve a for the isolated CO molecule.
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